Abstract Maize (Zea mays L.) and soybean (Glycine max (L.) Merr.) are the dominant grain crops across the Midwest and are grown on 75% of the arable land with small but economically important crops of wheat (Triticum aestivum L.) and oats (Avena sativa L.) but economically important crops. Historically, there have been variations in annual yields for maize and soybean related to the seasonal weather patterns. Key concerns are the impacts of future climate change on maize and soybean production and their vulnerability to future climate changes. To evaluate these, we analyzed the yield gaps as the difference between the attainable and actual yield at the county level and observed meteorological data to determine which seasonal meteorological variables were dominant in quantifying the actual/attainable yields. July maximum temperatures, August minimum temperatures, and July-August total precipitation were found to be the significant factors affecting the yield gap. These relationships were used to estimate the change in the yield gap through 2100 using both the RCP 4.5 and 8.5 climate scenarios for these variables for selected counties across the Midwest. Yield gaps increased with time for maize Climatic Change (2018) 146:263-275 DOI 10.1007/s10584-017-1997 Contribution from the USDA-ARS and Midwest Climate Hub. Soybean was not as sensitive as maize because the projected temperatures do not exceed optimum temperature ranges for growth and reductions in production that are more sensitive to precipitation changes during the reproductive stages. Adaptation strategies for maize and soybean will require more innovation than simple agronomic management and require the linkage between geneticists, agronomists, and agricultural meteorologists to develop innovative strategies to preserve production in the Midwest.
Introduction
Midwestern states are dominated by grain production with the area planted with maize (Zea mays L.) in 2015 of 21 M ha, soybeans (Glycine max (L.) Merr.) with 18 M ha, wheat (Triticum aestivum L.) at 1.8 M ha, and oats (Avena sativa L.) planted on 0.37 M ha across the eight states. Maize and soybean occupy the vast majority of the grain crops and have a market value of $28 billion US for maize and $21 billion US for soybean based on 2015 commodity prices; however, wheat ($1.8 billion US) and oats ($1.2 billion US) contribute to the local economies of the Midwest and to the world economies. Productivity of these crops has increased since 1950 with the introduction of improved technologies including genetics, fertilizers, pest management, and equipment. Improved technologies have increased productivity per unit of land; however, variation in productivity remains a function of the weather during the growing season. Examination of the annual yields at the field, county, or state level for these commodities across the Midwest reveal that there is a variation among years that is expected to increase in the future under a more uncertain climate regime with more variable precipitation and extreme temperature events. In the context of vulnerability, the grain production enterprise across the Midwestern states is susceptible to the changing climate and increasing climate variability will lead to more variation in production. In this paper, we will focus on the vulnerabilities of Midwestern maize and soybean production to climate scenarios through 2100.
Climate change impacts on plant production are viewed as positive under increasing carbon dioxide (CO 2 ) concentrations, negative with increasing temperatures, and variable with precipitation timing and amounts (Hatfield et al. 2011; Walthall et al. 2012) . Increasing CO 2 enhances production and improves water use efficiency which is important in areas with limited precipitation (Hatfield et al. 2011) . Effects of increased temperatures have shown a large degree of variation with projections of reduced production by less than 5% with temperature increases of 1°C (Hatfield et al. 2011 ) to over 50% in maize and soybean with 4°C increases (Schlenker and Roberts 2009) . Temperature effects on crop productivity are complex; however, one effect is consistent with increasing temperatures in that they hasten the rate of phenological development. This results in a smaller plant with reduced productivity because of the shortened growth cycle (Hatfield et al. 2011) . Extreme temperature events during the pollination stage can have a large impact on productivity because of the sensitivity of the pollen to dehydration under high temperatures (Hatfield et al. 2011 ). Hatfield and Prueger (2015) and Hatfield (2016) , using controlled environment studies with temperatures greater than or equal to 3°C above normal temperatures, showed maize yield reductions of over 50% in grain yield along with an increased rate of phenology. Ordóñeza et al. (2015) under field conditions observed maize yield reductions from 13 to 88% due to increased temperature (over 6°C above normal temperatures). The impact of the high temperatures occurred during the grain-filling period which was attributed to the impact of high temperatures on pollen survivability and high nighttime temperatures on the efficiency of the grain-filling process.
Increasing temperatures have shown a range of negative impacts on plant growth different crops. Lobell and Field (2007) found maize yields decreased 8.3% per 1°C rise without any additional effect due to water stress which was confirmed by Mishra and Cherkauer (2010) for Midwest maize and soybean grain yields. Asseng et al. (2015) used 30 different wheat models to simulate wheat production in different world environments, and observed grain production would decrease 6% per 1°C rise, becoming more variable in both space and time. These projections for wheat are similar to the 5.3% yield reduction per 1°C observed in Australia by Innes et al. (2015) using a combination of experimental results coupled with simulation models. Tack et al. (2015) , using historical yield trials and meteorological data for Kansas, found a combination of freezing and warming impacts were responsible for yield variations. They observed a 40% reduction in wheat yields with a 4°C temperature increase and that newer varieties were less able to resist heat stress above 34°C than older varieties. There is a differential response of plants to temperature throughout the growth cycle and the results by Laza et al. (2015) for rice showed high night temperatures had no effect during the vegetative stage; however, high nighttime temperatures during the reproductive stage reduced yields because of the increased dark respiration rate and spikelet degeneration.
Temperature is only one limitation to crop productivity because drought and short-term water deficits can reduce growth and grain yield, as well. Boyer (1982) found 41% of crop losses in the USA were caused by drought, while excess water causes crop losses of 16% of the yield. Wang et al. (2016) found across Midwestern US maize yields between 1991 and 2010 were negatively correlated with drought stress in the early and middle reproductive growth stages because these phenological stages are related to grain yield. They evaluated the difference between drought stress and aeration stress and found drought stress was the dominant factor even though the Midwest is subjected to increased precipitation in the spring. In a recent review of climate adaptation strategies for European agriculture, Semenov et al. (2014) proposed that a better understanding of higher temperatures and drought stresses during the booting and flowering periods in wheat would provide guidance on how to reduce losses in grain numbers and potential grain weight. One method of avoiding drought stress would be to improve water availability through more extensive root system and changes in root architecture. Improved aeration of the root system would require improved soil structure to facilitate gas exchange between the root system and the atmosphere.
Changes in the productivity of agricultural systems are the most used indicator of climate impacts. Current literature has utilized the development and application of the yield gap concept (Licker et al. 2010; van Bussel et al. 2015) . The yield gap is simply stated as the difference between the potential and actual yield. This approach allows for a quantitative assessment of the ability of the crop to achieve its potential yield, and the inability of closing the yield gap can often be ascribed to climatic stress. Egli and Hatfield (2014a, b) utilized this concept to evaluate yield gaps across the Midwest for maize and soybean. The need for increased food production to meet population demands will require a decrease in the yield gap.
The vulnerability assessment for Midwest grain crops; maize, soybean, wheat, and oats, was conducted to determine the cause of the yield gap and to extend these relationships to quantify the potential impacts on the yield gap with future climate scenarios using Iowa and Illinois as the primary states for this assessment. Reducing the vulnerability due to weather variation within the growing season will require adaptation strategies to offset the impacts of climate change across the Midwest. This paper focuses on our current understanding of the vulnerabilities in grain production and the potential for increased impacts on production due to climate change.
Methods

Yield gap analysis
County level yield data were extracted from the USDA-National Agriculture Statistics Service (NASS) for maize, soybean, wheat, and oats for all of the counties in the Midwest. Data were retrieved from 1950 through 2015 (www.nass.usda.gov) to represent the current era of agriculture with technology applications. Attainable yield was estimated using the upper quadrant analysis procedure from SAS (SAS9.3, Cary, NC) and chosen to represent the conditions in which weather was optimum during the growing season and did not present a limitation to production. The yield gap was calculated as the difference between the attainable and actual yield for each year. The ratio of actual/attainable yield was used to normalize the effects across all years. An example of the attainable, actual, and yield gap is shown in Fig. 1 for Story County, Iowa for maize.
To evaluate the effect of weather conditions during each growing season, county level meteorological data were assembled using monthly averages obtained from the Midwest Regional Climate Center (MRCC, mrcc.isws.illiois.edu) via the Applied Climate Information System (ACIS, www.rcc-acis.org) that hosts historical climate observations from federally supported sites. Regression analyses (Spearman rank method) were conducted after finding the actual/attainable yields were normally distributed on the fraction of actual/attainable yield with summer maximum temperatures, summer minimum temperatures, and monthly total precipitation for the growing season. July maximum temperatures, August minimum temperatures, and July-August total precipitation were found to be the most consistent parameters to use in further analyses. The use of the monthly averages does not account for the extremes in high-temperature events nor the contribution of isolated yet heavy rainfall events during these months. 
Climate scenarios
To evaluate the impact of climate scenarios on the yield gap fraction, the RCP 4.5 and RCP 8.5 scenarios were used based on projections obtained from the Climate Explorer database (www. toolkit.climate.gov/climate-explorer2). The Climate Explorer database is developed from CIMP5 simulation data using an ensemble of climate models with the results statistically downscaled to represent RCP 4.5 and RCP 8.5 scenarios. Data were extracted for the projected maximum and minimum temperatures and precipitation for each month for each county to assemble a time series from 2025 through 2100. These data were used in the analysis of future climate scenarios on projected yield gaps using temperature and precipitation projections. The assembled data included the upper and lower confidence limits on these projections and were included in the analysis to provide an estimate of the variation in expected production. Projections of the July maximum temperatures for RCP 4.5 and 8.5 scenarios with the upper and lower confidence limits in northern Illinois suggest an increase from 32.5°C (26-38°C) in 2025 to 37.5°C (31-43°C) in 2075. This places the maize crop with potential exposure above 35°C during the pollination stage and lead to pollen death. Projections of July maximum temperature, August minimum temperatures, and JulyAugust total precipitation for a northern and southern county in Iowa and Illinois showed large differences in the expected temperature trends with less difference in precipitation across the northsouth gradient (Supplemental Figures S.1, S.2, and S.3).
3 Results and discussion
Yield gap analysis
Yield gaps expressed as actual/attainable yield ratio were used in a regression analysis for all counties in the Midwest relative to climatic variables. Actual/attainable yield has remained relatively consistent over the past 65 years with an average of 0.85 (0.5-1.0) for both maize and soybean. There has not been a closing of the yield gap over this period, and there was no detectable trend over time in changes in the fraction of actual/attainable yield for either crop (Supplemental Figure S.4) . Across the counties of the Midwest, there were differences in the patterns for the yield gaps over time indicative of the weather conditions for that location during the growing season. This provides confidence that the yield gaps can be related to weather conditions during the growing season without an interaction with technology trends.
The most consistent climate parameters, based on significance of the regression coefficients and consistency in the sign of the coefficients from the regression analysis, were July maximum temperatures, August minimum temperatures, and July-August precipitation totals. These effects were determined first by using each single variable relative the actual/attainable yield. July maximum temperatures showed a response for each state with a decrease in the yield gap with average temperatures above 30°C as illustrated in the results from Illinois (Fig. 2) . Plants exposed to high maximum temperatures in July coincide with the pollination phase for maize which is extremely sensitive to exposure to high temperatures (Hatfield et al. 2011 ). Exposure to increased August minimum temperatures above 17°C in August also increased the yield gap (Fig. 3) . Phenologically, both maize and soybean crops are in the reproductive stage with rapid grain-filling during August and higher minimum temperatures during this stage have been shown to decrease grain yield (Innes et al. 2015; Laza et al. 2015; Hatfield 2016) . Soybeans produced in the Midwest are less impacted with a greater degree of flexibility in response of the grain-filling period to environmental conditions. There is a large amount of scatter (variability) in the yield gaps during periods in which temperature is not limiting, making variability attributable to limitations in available soil water during this phenological period.
If we examine the relationship with July-August precipitation, there is an effect of below normal precipitation and a minor effect of above normal precipitation (Fig. 4) . July-August total precipitation below 150 mm showed a decrease in the maize actual/attainable yield and a similar break point for soybean production across the Midwest. Deficit soil water conditions limit the ability of the crop to maintain optimum growth during the grain-filling period. However, excess precipitation occurs more often in the Midwest and limits grain-filling, possibly due to reduction in radiation levels associated with cloudy/rainy days. This is similar the findings reported by Boyer (1982) and Mishra and Cherkauer (2010) for Midwest growing conditions.
The relationships between these variables and actual/attainable yield in soybean showed similar relationships as those for maize (not shown). July temperatures above 32°C increased the yield gap while August minimums in excess of 20°C increased the yield gap. Soybean across the Midwest exhibited a decline in the actual/attainable yield as the July-August precipitation began to decrease below 200 mm. There is a 3°C difference between maize and soybean when August minimum temperatures began to affect grain yields and a 2°C difference in the July maximum temperatures.
Combining these three variables into a multiple regression for the fraction of actual/attainable yield showed variation among cropping districts within each Midwestern state; however, these variables represented the best fit to the yield gap and fraction of actual/attainable yield data. As July and August temperatures increased, there was a decrease in the actual/attainable yields for all sites and increasing precipitation offsets the temperature effects; however, the magnitude of the coefficients showed that although the effect of precipitation was significant, the impact was relatively minor in maize compared to the temperature effects and showed a larger coefficient in soybean. These regression equations had significant coefficients and significant r 2 values. There were differences among the coefficients for the regression equations especially at the cropping district level with very similar coefficients for counties within a cropping district. To validate the approach, a regression equation within the same cropping district was used to estimate the actual/ attainable yield for an adjacent county to compare actual vs predicted results using the observed monthly values for the variables. The results showed that we could estimate the period from 1950 through 2015 with a correlation of 0.95 and, using a t test, there were no differences between the estimated and predicted values. This provided confidence that this approach was robust in terms of estimating the future impacts with these variables.
Projected yields for maize and soybean
To project the yields through the remainder of this century, monthly values for temperature and precipitation in July and August were used in regression equation specific to each county. We aggregated individual counties into cropping districts for Iowa and Illinois because these two states are dominant in maize and soybean production and supplemented with individual counties across the Midwest to evaluate the extent of the change in the yield gap. Cropping districts were selected for aggregation because these represent similar production areas and a greater confidence in the stability of the climate projections. Projected actual/attainable maize yields demonstrated a significant decrease through the remainder of the century with the magnitude of the decrease dependent upon the location across the Midwest. Increasing July maximum and August minimum temperatures continued to place a stress on the crop during the grain-filling stage and reduced yields. If we assume that maize yields would continue to increase similar to the trend shown in Fig. 1 , then the actual yield will decrease and widen the yield gap through 2100. The estimated attainable maize yields are not unreasonable because of the expected continued improvement in genetics and technology that facilitate increased yields and would represent the upper boundary of the achievable production across the Midwest. Southern areas Iowa and Illinois showed a larger decline in actual/attainable yield fraction (i.e., an increase in the yield gap) because of the greater temperature increase in the July-August period while northern areas showed a smaller decrease in actual/ attainable yield fraction (Fig. 5) . The uncertainty about the expected temperature values over the remainder of the century leads to large variation in the expected yields; however, the trends remain consistent for both the RCP 4.5 and 8.5 scenarios. These are average monthly values for temperature and precipitation; however, the uncertainty ranges should encompass the expected range of variation potentially encountered by the maize crop at a specific location and these results indicate a decrease in the actual/attainable yields for maize. Exposure of the maize crop to temperatures in excess of the upper physiological threshold will create increased vulnerability of the maize crop to climate change. There have been several attempts to use crop models to simulate the effects of drought and temperature stress on maize production in the Midwest (Jin et al. 2016) . They concluded that to estimate the impacts of future climate assessments, crop models would have to incorporate the effects of minimum temperatures and interactions among stresses which we found to be the case in the analysis of the yield gaps for the Midwest. The trends in the northern portion of the Corn Belt show less impact of climate change on maize yields than the southern counties (Fig. 5 ). There is a distinct gradient from north to south but less of a gradient from east to west because the changes in temperature along a latitudinal gradient are expected to remain consistent. The Corn Belt will move northward with the increasing temperatures, and yield decreases in the southern Corn Belt creating a situation in which the economic return on maize will be insufficient and shifts in planted area to maize will be reduced. The projected monthly precipitation amounts through 2050 decrease significantly (Supplemental Figure S. 3), as shown in the differences between southern and northern counties in Iowa and Illinois, below the threshold where soil water availability impacts yield and could therefore lead to a greater reduction on corn and soybean production.
Projected actual/attainable yields for soybean across Iowa and Illinois show a different pattern than maize (Fig. 6) . There is still a decrease in yield over the remainder of the century; however, the magnitude of the change is much smaller. Increases in temperature place a stress on the crop but do not exceed the upper temperature threshold by similar amounts as found for maize. These results are consistent with the observations by Hatfield et al. (2011) where soybean in the southern USA could be expected to demonstrate a reduced yield because of the higher temperatures while soybean in the Midwest would benefit and actually increase yield because the temperature increase would still be within the optimum temperature range. Siebers et al. (2015) found heat waves with increases of 6°C above normal in the early and late reproductive stages (i.e., July and August) reduced soybean yield even though the remainder of the season was near normal. The projected actual/attainable yield for the northern areas of the Midwest show an average fraction of 0.8 to 0.85 which is similar to the observed fraction for the past 65 years. This demonstrates that the projected changes in temperature will have minor impact on production and water availability will be the dominant factor affecting production. There is a decline in actual/attainable yields in the southern counties of the Midwest that are below the averages yields observed in the period from 1950 to 2015; however, these decreases are not of the magnitude to reduce the economic viability of this crop.
Vulnerability of grain production in the Midwest
It is commonly assumed that water limitations are the primary factor affecting maize and soybean production in the Midwest; however, increases in temperature will have a greater impact on maize production with precipitation availability the primary factor in soybean production. There are physiological responses to the increases in the July maximum and August minimum temperatures. These outweigh the effect of early season increases in air temperature which are expected to change as well. For maize and soybean, the grain-filling period is the most sensitive to temperatures outside of the optimum temperature range. Increases in late summer temperature coinciding with grain-filling increase the vulnerability of these crops to climate change. Precipitation patterns are expected to continue to change throughout the remainder of the century with more spring and reduced summer precipitation associated with increased variability. Increased precipitation in the spring has a greater impact on maintaining planted area until harvest because years with excessive precipitation in the spring are the production years with the largest difference between planted and harvested area for both crops. All of these factors will contribute to the reductions in grain yield for maize and soybean. Vulnerabilities will also increase because of the increased likelihood of more extreme events.
Analysis of the yield gaps for wheat in the Midwest revealed that increases in temperature through 2100 would have a minor impact on the yield gap. Change in the climate that will impact both oats and wheat in the Midwest is the expected increase in spring precipitation that could interfere with planting (oats) and harvest (oats and wheat) and potentially lead to decreased grain quality. In the years where spring precipitation has been above normal, grain yields have exhibited the largest yield gaps.
Water management in the Midwest has been commonly expected to be the key to preserving maize and soybean yields; however, these results indicate that the changing temperature will be a more dominant factor affecting grain yields as it has both direct (phenology, photosynthesis, respiration, leaf senescence) and indirect effects on crop production (higher ET thus water stress, and higher grain N concentration thus more need for N supply and likely nitrogen stress). Exposure to high temperatures for maize and soybean limit productivity because of the disruption of the efficiency of the pollination process (July maximum temperatures) and efficiency of the grainfilling process (August minimum temperatures). Temperature ranges for both maize and soybean are consistent across genetic material and increasing temperatures will have large impacts on productivity because of these set temperature ranges. The large impacts on production predicted by Schlenker and Roberts (2009) and Hatfield (2016) need to be considered carefully when evaluating the climate impacts on crop production due to climate change.
Adaptation strategies
A key message of the Third US National Climate Assessment and underlying technical reports is that crop production will be able to adapt to the changing climate until mid-century when major disruptions in production are expected to occur (Walthall et al. 2012; Hatfield et al. 2014; Melillo et al. 2014) . The results of this study are further evidence of this conclusion as projected temperature increases overwhelm the ability of adaptation strategies to offset direct climate impacts. Corn Belt farmers are currently adapting to changes in their local climate by investing in precision agriculture, artificially draining their lands, using no-tillage, increasing their use of cover crops, utilizing weather technologies to make management decisions, and implementing other strategies to maintain yields Church et al. 2015) . More than 86% of upper Midwest farmers use short-term weather information to make planting, fertilization, harvest decisions, and other farm decisions (Church et al. 2015) . These adaptations are changes at the margin and have some benefits under moderate climate change for some cropping systems; however, there are limits to their effectiveness under more extreme conditions (Howden et al. 2007 ).
Current policies and practices which target farm-level adaptive management decisions may not be able to fully cope with increasing variability in climate and extreme temperature and precipitation events (Howden et al. 2007 ). Sixty-five percent of Corn Belt farmers make their seed variety selection and purchases in November-December prior to spring planting. They report longer term seasonal and annual weather information has no or low influence on their decisions (Church et al. 2015) . These low levels of confidence in the accuracy of longer term predictions that could be used to make seed selections in anticipation of drought or excess rain reflect both perceptions and current limitations of downscaled climate science relevant to localized decisions. Planting dates may be determined by the workable conditions in the spring, and the increases in spring precipitation have reduced the number of workable field days (Walthall et al. 2012) . In many areas, intraseasonal variability makes planning for spring field conditions, mid-season fertilizer, and herbicide management, and preventing late season heat stress complicated. Changing planting dates to avoid late season heat stress or using earlier maturing genetic material to avoid the late season temperature increases may not be sufficient to reduce the yield gap in the southern portions of the Corn Belt. Currently, farm-level risk management strategies in the region range from 58% of farmers purchasing additional crop insurance; 42% adding in new technologies, 63% implementing infield conservation practices, and 34% putting in place edge of field conservation practices (Church et al. 2015) . While these adaptations are important to reduce soil loss, improve soil structure and water holding capacity, and protect some farm income, they are likely insufficient to address the increased rate of phenology that affects grain yields in locations where heat temperatures exceed thresholds for pollen survivability and the grain fill processes.
Larger scale, more transformative technologies, policies, and incentives are needed that target landscape level adaptations. Regionally, one adaptation strategy that has already begun is to shift the Corn Belt to more northern latitudes where temperatures are not projected to be above the upper threshold for growth; and where precipitation is increasing based on USDA-NASS county level planted area to maize. Another adaptation strategy would be to shift to a different mixture of crops rather than maize and soybean which currently occupy 75% of the arable land area in the Midwestern states. Major changes in cropping systems and land use will need incentives and resource support to develop new infrastructure and to re-locate labor and industries to be closer to production.
Adaptation strategies at all scales will need to go beyond genetics and agronomic management. In this analysis, there is not a consideration of the indirect impacts on production due to the potential increases in pest populations and stresses on crop production. Further, this analysis does not account for the human-social institution aspects that are critical to responding to climate changes. While biophysical sciences can evaluate the impacts of adaptive management and project future trajectories, climate change is really a social problem (Grundmann 2016) . Its impacts affect and are influenced by people. The problem of a growing population and an increased projected per capita food demand will require society to make climate change a priority. Society needs to invest in expanding potential attainable crop yields and find new and different ways of reducing the gap between actual and attainable yields. This is not a climate change problem but one of social perspectives, cultural values, and public discourse (Grundmann 2016 ) which must aggressively be linked to the sciences of genetics, agronomy, engineering, meteorology, economics, and sociology. Only then can the efforts of scientists, politicians, community and national leaders, and ordinary citizens find practical and innovative solutions (Wilke and Morton 2015) .
